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Abstract:  29 

Cryptococcus gattii R265 is a hyper-virulent fungal strain responsible for the major outbreak of 30 

cryptococcosis in Vancouver Island of British Columbia in 1999. It differs significantly from C. 31 

neoformans in its natural environment, its preferred site in the mammalian host, and in the nature 32 

and mode of pathogenesis. Our previous studies in C. neoformans have shown that the presence 33 

of chitosan, the deacetylated form of chitin, in the cell wall attenuates inflammatory responses in 34 

the host, while its absence induces robust immune responses, which in turn facilitate clearance of 35 

the fungus and induces a protective response. The results of the present investigation reveal that 36 

the cell wall of C. gattii R265 contains 2-3-fold higher amount of chitosan compared to that of C. 37 

neoformans. The genes responsible for the biosynthesis of chitosan are highly conserved in the 38 

R265 genome; the roles of the three chitin deacetylases (CDA) have however, been modified. To 39 

deduce their roles, single, double and a triple CDA deletion strains were constructed in a R265 40 

background and were subjected to mammalian infection studies. Unlike C. neoformans where 41 

Cda1 has a discernible role in fungal pathogenesis, in R265 Cda3 is critical for virulence. 42 

Deletion of either CDA3 alone (cda3Δ) or in combination with either CDA1 (cda1Δ3Δ) or CDA2 43 

(cda2Δ3Δ) or both (cda1Δ2Δ3Δ) rendered the yeast cells avirulent and were cleared from the 44 

infected host. Moreover, the cda1D2D3D strain of R265 induced a protective response to a 45 

subsequent infection with R265. These studies shed more light into the regulation of chitosan 46 

biosynthesis of C. gattii and its subsequent effect on fungal virulence.  47 

 48 

 49 
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Importance:  51 

The fungal cell wall is an essential organelle whose components provide the first line of defense 52 

against host-induced antifungal activity. Chitosan is one of the carbohydrate polymers in the cell 53 

wall that significantly affects the outcome of host-pathogen interaction. Chitosan-deficient 54 

strains are avirulent, implicating chitosan as a critical virulence factor. C. gattii R265 is an 55 

important fungal pathogen of concern due to its ability to cause infections in individuals with no 56 

apparent immune dysfunction and an increasing geographical distribution. Characterization of 57 

the fungal cell wall and understanding the contribution of individual molecules of the cell wall 58 

matrix to fungal pathogenesis offers new therapeutic avenues for intervention. In this report, we 59 

show that the C. gattii R265 strain has evolved alternate regulation of chitosan biosynthesis 60 

under both laboratory growth conditions and during mammalian infection compared to that of C. 61 

neoformans. 62 
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Introduction:  72 

Cryptococcosis is an invasive fungal infection caused mainly by the Cryptococcus 73 

species C. neoformans and C. gattii. Cryptococcus is ubiquitous with world-wide distribution 74 

and causes infections in a wide variety of host species, such as plants, birds and mammals (1, 2). 75 

Infections caused by Cryptococcus may lead to cryptococcal meningitis and is estimated to cause 76 

more than 200,000 deaths annually (3). C. neoformans (inclusive of serotypes A and D) is an 77 

opportunistic pathogen and mainly causes disease in immune-compromised patients (4, 5). 78 

However, infections even in healthy individuals (non-HIV) with or without underlying risk 79 

factors, have also been reported (6, 7). Unlike C. neoformans, its sibling species C. gattii 80 

(serotypes B and C) is recognized as a primary pathogen as it predominately causes infections in 81 

immune competent individuals (5, 8-10). C. gattii was initially considered to be endemic to 82 

tropical and subtropical regions, especially Australia until it attracted attention with a major 83 

outbreak on Vancouver Island, British Columbia, in 1999 (11). Based on the global molecular 84 

epidemiologic survey employing a wide variety of molecular techniques, five distinct genetic 85 

groups (VGI/AFLP4, VGII/AFLP6, VGIII/AFLP5, VGIV/AFLP7 and VGIV/AFLP10) within 86 

the C. gattii species complex were described (12). The strain C. gattii R265 belongs to the VGII 87 

subtype and was the strain associated with the outbreak in British Columbia in 1999 (13). The 88 

fungus subsequently spread to the Pacific Northwest of the United States (14-16). Infections due 89 

to C. gattii R265 are associated with an 8-20% mortality rate in spite of anti-fungal therapies. 90 

With advances in genotyping, C. gattii distribution has been revised: It is predominantly isolated 91 

from environmental sources and is currently found in a variety of climates, including humid and 92 

arid conditions and associated with 53 different tree species across six continents (10). It has also 93 

been isolated from diverse groups of organisms, including cats, dogs, marine mammals, koalas, 94 
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deer, ferrets, llamas, horses, birds and insects (10). This distribution to diverse conditions of 95 

environment and host species demonstrates its adaptability.  96 

Significant differences in the ecological, morphological, biochemical, molecular, 97 

pathological and clinical features exist between C. neoformans and C. gattii species complex (12, 98 

17). For example, the difference in the assimilation of nitrogen and carbon sources between C. 99 

neoformans and C. gattii species has been exploited to formulate a one-step diagnostic media for 100 

their identification (18). Several differences in the nature of the host-immune response elicited 101 

by C. gattii R265 compared to C. neoformans has been attributed to its capacity to cause disease 102 

in persons with apparently normal immune system. C. gattii R265 has been shown to proliferate 103 

better in the macrophages compared to C. neoformans due to their increased resistance to 104 

reactive oxygen species (ROS) inside macrophages and to their tubular mitochondrial 105 

morphology (19). At the genomic level, R265 has shown to evolve by expanding stress related 106 

heat shock proteins, which may offer better fitness inside the host (20). C. gattii R265 readily 107 

proliferates in the lung and disseminates poorly to the brain, suggesting that unlike C. 108 

neoformans, the major target organ of C. gattii R265 is the host lung (19, 21). C. gattii R265 has 109 

been shown to trigger a dampened immune response in the lung with reduced infiltration of 110 

macrophages, neutrophils and Th1/Th17 lymphocytes, and it inhibits host dendritic cell maturity 111 

(22-25). Both C. neoformans and C. gattii R265 share a similar suite of virulence factors, yet 112 

they differ in the nature of pathogenesis in mammalian hosts.  113 

Chitosan is one of the critical components of C. neoformans cell wall and shown to be 114 

essential for its virulence (26). The genes coding for enzymes that are responsible for the 115 

production of chitosan in C. neoformans have been identified and characterized (27). Out of the 116 

eight potential chitin synthase genes in the genome, chitin synthase 3 (Chs3) coded by CHS3 and 117 
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chitin synthase regulator 2 (Csr2) coded by the CSR2 gene are critical for the production of 118 

chitosan (27). There are four potential chitin deacetylase (CDA) genes in the genome of C. 119 

neoformans; three have been shown to possess chitin deacetylase activity in vegetatively 120 

growing cells (28). Chitosan-deficient strains of C. neoformans induce significant host-immune 121 

responses during mammalian infection, and clearance of the fungus (26, 29). These results 122 

suggest that presence of chitosan may influence the cell wall architecture, thereby shielding 123 

pathogen associated molecular patterns (PAMPSs) from being recognized by host immune cells. 124 

When grown in YPD culture medium, all three Cda proteins appear to be functionally redundant. 125 

However, they are differentially regulated in the lungs of the infected host with Cda1 being 126 

preferentially expressed (30). Accordingly, either cda1Δ or the cda mutant with abolished chitin 127 

deacetylase activity were found to be avirulent suggesting that Cda1 alone with its chitin 128 

deacetylase activity is sufficient to render the yeast cells fully virulent during a murine infection 129 

of CBA/J mice. Deletion of either Cda2 or Cda3 did not affect the virulence of the yeast strains 130 

(30). These results indicate that in C. neoformans, chitosan and the mechanisms of its production 131 

are the critical mediators of fungal pathogenesis and virulence.  132 

The mechanisms responsible for differences in the pathogenicity and the virulence 133 

composite between C. neoformans and C. gattii are not understood. We sought to determine if 134 

there are any differences in either the level of cell wall chitosan or in the regulation of its 135 

biosynthesis between these two species. Here, we report the identification of genes present in C. 136 

gattii R265 genome that are either responsible for the production of chitosan during growth 137 

under vegetative conditions or that contribute to chitosan biosynthesis during mammalian 138 

infection. We found significant differences in the amount and the regulation of chitosan 139 

biosynthesis between C. gattii R265 and C. neoformans. First, the cell walls of C. gattii R265 140 
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had more than double the amount of chitosan compared to C. neoformans when either grown in 141 

culture or in infected mice. We targeted homologs of C. neoformans chitosan biosynthetic genes 142 

in the C. gattii R265 genome for gene deletion and subjected the respective deletion strains to 143 

various in vitro phenotypic assays and to mouse virulence studies. For C. neoformans, Cda1 144 

played an important role in the synthesis of chitosan, while Cda3 was found to be dispensable 145 

during murine infection. Interestingly for C. gattii R265, we found that Cda3 plays a critical role 146 

in fungal virulence, while the deletion of Cda1 did not affect fungal virulence across different 147 

mouse strains. The results of these studies will provide a framework to further design strategies 148 

to dissect the molecular mechanisms of chitosan in fungal induced host-immune response and 149 

virulence.  150 

Results:  151 

Identification of C. gattii R265 genes potentially involved in the synthesis of chitosan 152 

In C. neoformans, the conversion of chitin to chitosan is catalyzed by Cda1, Cda2 and 153 

Cda3 (28, 30). We utilized BLASTp homology with C. neoformans Cda1, Cda2, and Cda3 to 154 

identify the C. gattii chitin deacetylases in the R265 genome. This search yielded CNBG_1745 155 

(Cda1), CNBG_9064 (Cda2) and CNBG_0806 (Cda3) as the C. gattii homologs of C. 156 

neoformans (Table 1). At the protein level, Cda1, Cda2 and Cda3 are 85%, 83% and 85% 157 

identical and 92%, 90% and 90% similar, respectively, between the two species. All three Cda 158 

proteins of C. gattii share similar predicted sequence features to that of C. neoformans Cda 159 

proteins in having N-terminal signal sequences, S/T rich regions and GPI anchor sites, as well as 160 

conserved amino acids for catalysis. Pairwise protein sequence alignments are shown in 161 

Supplementary Fig. 1.  162 
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C. gattii R265 cells produce significantly higher amount of chitosan in the cell wall 163 

compared to C. neoformans under YPD growth conditions 164 

We have shown for C. neoformans that the amount of cell wall chitosan significantly 165 

influences host immune response during infection (26, 29). Various studies have demonstrated 166 

that R265 elicits different types of immune response either in the host or when incubated with 167 

immune cells under in vitro conditions when compared to the response induced by C. 168 

neoformans cells (22-25). Therefore, we were curious to see if there is a difference in the amount 169 

of chitosan between KN99, a hypervirulent strain of C. neoformans (31) and R265. To determine 170 

the amount of chitosan, we grew both KN99 and R265 cells in YPD at 30°C. We have 171 

previously reported the specific affinity of an anionic dye Eosin Y to chitosan in C. neoformans 172 

(28). Therefore, we stained wild-type C. neoformans KN99 and C. gattii R265 cells after five 173 

days of culture. As shown in Fig. 1A, we observed a dramatic increase in the binding of Eosin Y 174 

to R265 cells compared to KN99 cells. This difference was further quantified by measuring the 175 

mean fluorescence intensity (MFI) per cell using ImageJ (Fig. 1B). The MFI/cell of KN99 was 176 

32.9 compared to 62.9 for R265. We then measured the total amount of chitin and chitosan 177 

biochemically employing the 3-methyl-2-benzothiazolinone hydrazone (MBTH) assay as 178 

described in Materials and Methods. Wild-type KN99 and R265 cells were grown for 1-5 days. 179 

At different days of growth, the cellular chitosan was quantified by the MBTH assay. As shown 180 

in Figs. 1C and 1D, at day two, R265 cells started to show increased amount of chitosan 181 

compared to KN99 and this increase peaked at day three of growth before it started to decrease. 182 

At its peak, the amount of chitosan as expressed as nmoles of glucosamine per mg dry weight of 183 

the cell wall material in the R265 cells had increased by three fold compared to the cells of 184 

KN99. The levels of chitin in the R265 cells remained almost constant throughout the growth 185 
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period and their levels were comparable to KN99 cells. The sharp increase in the amount of 186 

chitosan observed in R265 on day three was not observed in KN99 cells which showed a slight 187 

increase in the chitosan amount (Fig.1C and 1D). These data indicate that outbreak R265 cells 188 

produce significantly higher amount of chitosan compared to those produced by KN99 cells 189 

under YPD growth conditions. 190 

C. gattii R265 cells produce significantly higher amount of chitosan compared to C. 191 

neoformans under host conditions 192 

To determine if the increased amount of chitosan was also seen under host conditions, we 193 

first measured chitosan of KN99 and R265 cells cultured in tissue culture conditions and then for 194 

Cryptococcus isolated from infected mouse lungs. Wild-type KN99 and R265 cells were first 195 

grown in YPD medium at 30°C and then transferred to RPMI 1640 medium containing 10% fetal 196 

bovine serum (FBS), 5% CO2 at 37°C for 6 days. The cells were then harvested and the MBTH 197 

assay was used to quantify the chitosan content. As shown in Fig. 2A, R265 cells have a mean 198 

value of 63.9 versus 30.2 of KN99 cells as expressed as nmoles of glucosamine sugar per mg dry 199 

weight of the cell wall material. Next, chitosan was determined after isolating the yeast cells 200 

from infected mouse lungs. Similar to YPD and RPMI culture conditions, R265 cells showed 201 

significantly higher cell wall chitosan compared to KN99 cells with mean values of 213.9 and 202 

78.3, respectively, as expressed as nmoles of glucosamine sugar per 108 cells (Fig. 2B). These 203 

results suggest that the increase in cell wall chitosan of C. gattii R265 over C. neoformans KN99 204 

is a phenotype that is preserved when these strains are grown in culture and during mouse 205 

infection.  206 

The deletion of R265, Cda1 displays a decrease in cell wall chitosan under YPD growth 207 

conditions. 208 
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We generated single CDA deletion mutants of R265 by biolistic transformation. The 209 

strains generated and used in this study are listed in Table 2. The deletion cassettes for each gene 210 

deletion were generated by overlap PCR and were biolistically transformed into R265 cells. The 211 

primers used to generate these deletion cassettes are listed in supplementary Table 1. All the 212 

isolates were characterized by diagnostic PCR screening and southern blot hybridization. After 213 

growing the strains in YPD for five days, we measured chitosan by MBTH assay. We found that 214 

deletion of the CDA1 gene decreased the chitosan amount by 33% compared to wild-type R265. 215 

However, deletion of either CDA2 or CDA3 did not affect the total amount of chitosan, as shown 216 

in Fig.3. This is different from what we have previously described for C. neoformans, where 217 

there was no significant difference in chitosan in any of the single CDA deletion strains (28, 30). 218 

This suggests that there are differences in the regulation of chitin deacetylation between the two 219 

species, with R265 Cda1 having a more significant role in chitosan production when the cells 220 

were cultured in YPD. 221 

R265 Cda3 is critical for fungal virulence 222 

Next, we assessed the CDA single-deletion mutant strains for virulence by employing the 223 

murine intranasal infection model. We infected CBA/J mice with 105 wild-type cells or with 224 

cells of the corresponding single CDA deletion strains. The virulence was assayed as described 225 

in the Materials and Methods. We found that deletion of either CDA1 or CDA2 did not affect the 226 

virulence (Fig. 4A). The virulence of cda1Δ was reproduced using a second isolate and is shown 227 

in Supplementary Fig. 2 to further confirm the absence of a role for Cda1 in the virulence of C. 228 

gattii R265. Interestingly, we found that R265 Cda3 is essential for fungal virulence. The 229 

virulence defect of the cda3Δ was completely restored in a CDA3 complemented strain (Fig. 230 

4A). Since different mouse models show varying degrees of sensitivity to Cryptococcus 231 
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infection, we wanted to verify whether the associations between the absence of CDA genes, 232 

amount of cell wall chitosan and the virulence of the specific CDA deletion strain can be 233 

recapitulated in C57BL/6 mice, which is routinely employed for diverse immunological studies 234 

using readily available mutants. Similar to the results obtained with CBA/J mice, we found that 235 

only R265 cda3D is specifically avirulent when tested following orotracheal inoculation of 10e4 236 

CFU of yeast (Fig. 4B). The avirulent phenotype in both mouse strains was accompanied by the 237 

complete clearance of the mutant strain from the infected host at the end point of the survival 238 

study (Supplementary Fig. 3). This was rather surprising because we have previously seen that 239 

for KN99, Cda1 plays a major role in fungal virulence without the contribution of Cda3 to 240 

pathogenesis and that C. neoformans cda1∆ mutant cells persist in the mouse lungs at low levels, 241 

even though the strain doesn’t cause disease (30).  242 

The virulence phenotype of the single CDA deletion strains followed their ability to grow 243 

in the infected lung. As shown in Fig. 5, we found that CBA/J mice infected with either cda1Δ or 244 

cda2Δ strains had lung fugal burden similar to that of R265 on day 14 and 21 PI. On the other 245 

hand, mice infected with the cda3Δ strain showed slow and gradual clearance of the mutant 246 

strain. The fungal growth in the lungs of the mice infected with the cda3Δ strain was restored to 247 

wild-type R265 levels in a CDA3 complemented strain (Fig. 5; cda3Δ::CDA3).  248 

Fungal virulence of different CDA deletion strains is directly correlated with their ability 249 

to produce chitosan under host-mimicking growth conditions  250 

Recently, we have shown that in C. neoformans, Cda1 is essential for fungal virulence, 251 

and this avirulent phenotype is associated with the inability of the mutant to produce wild-type 252 

levels of chitosan when grown under host-mimicking conditions, such as RPMI 1640 medium 253 

containing 10% FBS, 5% CO2, and 37°C (30). Therefore, we wanted to test whether such defects 254 
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are also responsible for the avirulent phenotype of R265 mutants that do not harbor the CDA3 255 

gene in the genome. As shown in Fig. 6, the loss of Cda3 resulted in a 77% decrease in the 256 

amount of chitosan produced compared to wild-type R265. Even though the amount of chitosan 257 

in the cda1D strain showed 33% reduction compared to wild-type R265 (Fig. 6), this decrease 258 

was similar to what we observed when the cells were grown in YPD culture conditions as well 259 

(Fig.3). These data indicate that in R265, Cda1 mediated deacetylation of chitin is not influenced 260 

by the growth conditions and is not critical for virulence. However, Cda3 is responsible for the 261 

majority of the deacetylation either in RPMI culture conditions or in infected mice and thus 262 

contributes significantly to fungal proliferation in the host. Taken together, these results 263 

confirmed the importance of cell wall chitosan to fungal virulence and suggests that a certain 264 

threshold amount of chitosan needs to be maintained in the cell wall to sustain infection. 265 

Double and triple CDA mutants of R265 displayed varied amounts of chitosan under YPD 266 

and host-mimicking conditions 267 

We generated three double CDA deletion strains and a triple CDA gene deletion strain in 268 

R265 by biolistic transformations as indicated in Table 2. We subjected these strains to chitosan 269 

quantification after growing them either in YPD or in host-mimicking conditions of RPMI 270 

containing 10% FBS in the presence of 5% CO2 at 37oC. When we compared the chitosan 271 

amounts among the CDA double deletion strains, we found that the cell wall chitosan amount 272 

was significantly decreased in all the double deletion strains grown under YPD culture condition 273 

(cda1Δ2D, cda1Δ3D or cda2Δ3D in Fig. 7A). The decrease in the chitosan amount was more 274 

pronounced in the absence of Cda1 in combination with either Cda2 or Cda3: 63% reduction for 275 

the cda1Δ2D strain and 54% reduction for the cda1Δ3D compared to wild-type R265. The 276 

amount of chitosan in cda2Δ3D showed an only 26% reduction compared to wild-type R265. 277 
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These results are consistent with the major role of Cda1 in chitosan production in R265 when the 278 

cells were grown under YPD conditions (Fig. 3). When we deleted all the three CDAs to 279 

generate a cda1D2D3D strain, the chitosan amount decreased almost to negligible amounts, 280 

suggesting that in spite of differences in the role of individual CDAs between KN99 and R265, 281 

the deletion of all three CDAs was sufficient to render the mutant chitosan-deficient (Fig. 7A). 282 

When the strains were grown under host-mimicking conditions (RPMI+10% FBS grown with 283 

CO2 at 37oC), any strain in which CDA3 was deleted in combination with either CDA1 or CDA2 284 

(cda1D3D or cda2D3D in Fig. 7B) produced negligible amounts of chitosan similar to the 285 

cda1D2D3D strain, further indicating the importance of R265 Cda3 in the production of chitosan 286 

in the host and its subsequent effect on fungal virulence. 287 

Chitosan-deficient R265 cells were sensitive to cell wall stressors and had normal capsule 288 

and melanin producing abilities 289 

We subjected the single CDA deletion strains and the triple CDA deletion strain of R265 290 

to a panel of cell wall stressors (0.005% SDS, 1 mg/ml Calcofluor white, 0.5 mg/ml caffeine, 291 

0.4% Congo Red) added to YPD agar medium, which are routinely employed to determine cell 292 

wall integrity. As shown in Supplementary Fig. 3, only the chitosan-deficient cda1D2D3D strain 293 

was sensitive to the various cell wall stressors. None of the CDA deletion mutants were sensitive 294 

to temperature when their growth at 30°C was compared to the growth at 37°C on YPD agar 295 

medium. The deletion of CDA genes in R265 either individually or in combination did not affect 296 

their ability to either produce capsule (Supplementary Fig. 4) or melanin as shown in 297 

Supplementary Fig. 5. In contrast to C. neoformans mutants (26), none of the CDA mutants of 298 

R265 displayed “leaky melanin” phenotype.  299 
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R265 CDA1 and CDA2 are dispensable for virulence even when both genes were deleted 300 

We next subjected the double and triple CDA gene deletion strains to tests of fungal 301 

virulence either by intranasal infection of CBA/J or by orotracheal inoculation of C57BL/6. We 302 

found that deletion of CDA1 and CDA2 did not affect the virulence in either CBA/J or C57BL/6 303 

(cda1D2D; Fig. 8A-B). Consistent with the role of R265 Cda3 in virulence, double CDA deletion 304 

strains in which CDA3 is deleted in combination with either CDA1 or CDA2 showed a major 305 

defect in virulence (cda1D3D and cda2D3D Fig. 8A-B). These results further point to the 306 

importance of just Cda3 in fungal virulence for R265. The mutant strain devoid of all the three 307 

CDA genes (cda1D2D3D) was completely avirulent (Fig. 8A-B). For all the mutants, the 308 

avirulent phenotype of the mutant strains was accompanied by the inability of the different CDA 309 

mutant strains to proliferate or maintain in the infected murine lung as revealed by their gradual 310 

clearance (data not shown). To further ascertain these results, we subjected second independent 311 

isolate of each mutant to fungal virulence studies and obtained nearly identical results 312 

(Supplementary Fig. 6). 313 

Vaccination with the chitosan-deficient R265 cells confer partial protection to subsequent 314 

challenge with the virulent wild-type R265 315 

For C. neoformans, we observed that mice infected with 107 CFU of chitosan-deficient 316 

cda1D2D3D strain resulted in the clearance of the mutant. That clearance was accompanied by 317 

the induction of a robust protective response to a subsequent infection with wild-type, fully 318 

virulent KN99 (29). This protective response was only observed when mice were vaccinated 319 

with 107 CFU of cda1D2D3D, while vaccination with either 106 or 105 CFU did not generate a 320 

protective response (29). Therefore, since the complete clearance of the chitosan-deficient 321 
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cda1D2D3D strain is also observed for mutants generated in the R265 background, we wanted to 322 

determine whether this clearance of the mutant strain induces protective immunity to R265 323 

infection. For this, we vaccinated naïve mice (CBA/J) with either 105, 106 or 107 CFU of live 324 

preparations of cda1D2D3D  by intranasal inhalation. After 40 days PI, we challenged them with 325 

105 CFU of R265. Two independent isolates of 326 

cda1D2D3D (cda1D2D3D-1 and cda1D2D3D-2) were used for this study. As shown in Fig. 9A, 327 

vaccination with either of the chitosan-deficient cda1D2D3D isolate conferred only partial 328 

protection to subsequent infection with R265. The control mice that received PBS alone 329 

succumbed to R265 infection with a median survival time of 20 days PI. However, the mice 330 

vaccinated with live-preparation of cda1D2D3D had a median survival of 30-40 days PI upon 331 

secondary challenge infection with R265. This protective immunity required a minimal dose of 332 

107 CFU of cda1D2D3D for vaccination (Fig. 9A), as observed for cda1D2D3D of KN99 (29). 333 

Next, we wanted to determine whether heat-killed (HK) preparation of cda1D2D3D induces 334 

protective immunity. We confirmed that incubating live R265 (either wild-type or the 335 

corresponding cda1D2D3D mutant) at 70oC for 15 min was sufficient to kill both strains by 336 

plating them for CFUs onto YPD agar. Then we vaccinated mice intranasally with 107 CFU of 337 

HK preparation of either R265 or cda1D2D3D waited 40 days and challenged them with 105 CFU 338 

of R265. The mice vaccinated with either PBS or with HK wild-type R265 succumbed to R265 339 

infection with a median survival time of 20 days PI. However, the mice vaccinated with the HK 340 

cda1D2D3D had a median survival of 33 days PI (Fig. 9B) similar to that observed for 341 

vaccination with the live cda1D2D3D (Fig. 9A). When the vaccination and protection experiment 342 

was done in C57BL/6 mice using HK cda1D2D3D as a vaccine, mice had a median survival of 343 

41.5 days compared to 26 days of median survival for unvaccinated mice (Supplementary Fig.7).  344 
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Discussion:  345 

Chitosan is one of the principle components of the C. neoformans cell wall. In its 346 

absence, yeast cells display a severe budding defect resulting in irregular shaped, often clumped 347 

cells with significant sensitivity to various cell wall perturbing agents (28). More importantly, 348 

absence of chitosan makes them completely avirulent in a mammalian host as the chitosan-349 

deficient cells stimulate robust host immune responses, which in turn leads to rapid clearance of 350 

infection (26, 29). The outbreak strain of C. gattii, R265 is a hyper-virulent strain that has been 351 

reported to possess several key features that enabled it to cause symptomatic infection, even in 352 

immune competent individuals (10, 32, 33). Its higher rate of intracellular proliferation with 353 

increased resistance to oxidative stress, its ability to dampen host immune response and its 354 

potential to inhibit the maturation of specific immune cells all may contribute to its virulence 355 

(19, 22-25, 34, 35). A higher amount of chitosan in R265 than C. neoformans KN99 may 356 

efficiently shield surface exposed PAMPs from being recognized by the host immune system, 357 

thereby limiting the intensity and the complexity of the host immune response. C. neoformans 358 

and C. gattii share diverse ecological niches. Moreover, C. gattii R265 is predominantly detected 359 

in the environment and strictly associated with plants where they encounter chitinases from soil 360 

microbes and from plant hosts respectively (32). Extensive deacetylation of chitin to form 361 

chitosan may provide greater resistance to environmental chitinases thereby increasing its fitness 362 

in the environment.  363 

C. neoformans Cda1 plays an important role in the deacetylation of chitin especially 364 

during host infection (30). Among the individual C. neoformans CDA deletion strains, we did 365 

not observe phenotypic differences when cultured in YPD medium suggesting the redundancy in 366 

their function (28). However, deletion of Cda1 alone caused a dramatic avirulent phenotype in 367 
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virulence studies using CBA/J mice (30). Unlike C. neoformans, Cda1 of C. gattii seems to play 368 

an important role in the deacetylation when grown in YPD medium since its deletion caused a 369 

34% reduction in the amount of cell wall chitosan (Fig. 3). The deletion of either CDA2 or CDA3 370 

did not significantly reduce the chitosan amount when grown in YPD. However, when grown 371 

under host mimicking conditions of RPMI with 10% FBS, 5% CO2 and at 37oC, C. gattii Cda3 372 

played an important role in the deacetylation of chitin, since its deletion in cda3Δ caused a 76% 373 

reduction in the amount of chitosan. On the other hand, the decrease in the amount of chitosan in 374 

the cda1Δ when grown in RPMI conditions was around 32%, which is similar to what we 375 

observed for YPD culture conditions suggesting a unique role of R265 Cda3 in deacetylating 376 

chitin in host mimicking conditions. For our initial animal virulence experiments, we chose two 377 

independent isolates of cda1Δ expecting that they will mimic the avirulent phenotype observed 378 

in C. neoformans (30). However, we were surprised to see that for C. gattii R265, deacetylation 379 

of chitin during host infection was even more dependent on Cda3 than Cda1. The avirulent 380 

phonotype of cda3Δ was further confirmed by the CDA3 complemented strain in CBA/J mouse. 381 

In spite of its role in chitosan production in YPD and host mimicking media, the decreased levels 382 

of chitosan in cda1Δ did not affect its virulence (Fig. 4). It may be that the levels of chitosan 383 

present in the cda1Δ during infection is still sufficient enough for promoting pathogenesis or the 384 

pattern of deacetylation in the chitosan produced by Cda1 may be different from that of Cda3. 385 

This differences in the molecular structure of chitosan may have contributed to the observed 386 

differences in the virulence potential between different CDA deletion mutant strains.  387 

All three CDAs contribute to chitosan production in R265 while growing in YPD since 388 

deletion of two CDA genes in combination significantly reduced cell wall chitosan (Fig 7). This 389 

again was reflected in the virulence phenotype of the double and triple CDA deletion strains. 390 
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When CDA3 was deleted in combination with any one or both of the other CDA genes the 391 

resulting strains had substantially reduced chitosan when grown in host-mimicking conditions 392 

and were avirulent. Any strain in which CDA3 is deleted was avirulent in both CBA/J and 393 

C57BL/6 mouse strains and was cleared from the infected lung. Deletion of all three CDAs made 394 

the strain chitosan-deficient similar to the cda1D2D3D of C. neoformans. The majority of the in 395 

vitro phenotypes of the cda1D2D3D strain of R265 were similar to the cda1D2D3D strain made in 396 

C. neoformans. However, cda1D2D3D  of C. gattii R265 grew better in YPD (with markedly less 397 

morphological abnormalities) than the cda1D2D3D of C. neoformans (data not shown). C. 398 

neoformans cda1D2D3D exhibited a leaky melanin phenotype when incubated in ʟ-DOPA 399 

medium (28). However, the cda1D2D3D of R265 did not show this phenotype (Supplementary 400 

Fig. 6) suggesting that there are differences in the cell wall architecture between 401 

cda1D2D3D cells of C. neoformans and C. gattii. In C. neoformans we have shown that CDA1 is 402 

specifically upregulated during the growth of yeast cells in the infected lung. Recent whole 403 

genome transcriptome studies involving the four lineages of C. gattii have shown that C. gattii 404 

R265 displays a distinct differential gene expression profile compared to the rest of the species 405 

under in vitro and ex vivo (incubation of the yeast cells with bone marrow derived macrophages) 406 

growth conditions (36). Significant differential expression of genes involved in capsule 407 

biosynthesis, cell wall remodeling and genes involved in other virulence related traits have been 408 

shown in two separate studies of C. gattii R265 (36, 37). Specifically, in C. gattii R265 the 409 

CDA1 and CDA2 genes were found to be significantly down regulated when the cells were 410 

incubated with bone marrow derived macrophages (36). Taken together, these results and our 411 

data demonstrating the essential role of Cda3 in C. gattii R265 virulence suggest a transcriptional 412 

regulation of chitosan biosynthesis during mammalian infection.  413 
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We have previously shown that vaccination with chitosan-deficient cda1D2D3D strain of 414 

C. neoformans at the optimal concentration confers robust protective immunity to subsequent 415 

challenge infection with wild-type virulent KN99 (29). Even though deletion of all three CDA 416 

genes of C. gattii produced a chitosan-deficient strain, vaccination with either the live strain or a 417 

heat killed preparation of it induced only partial protection to subsequent infection with R265. 418 

This may be due to the fact that R265 has the inherent ability to dampen host-induced immune 419 

responses (22-25).  420 

In summary, the hypervirulent C. gattii strain R265 has evolved with a distinct 421 

transcriptional profile with altered expression of components of chitin deacetylation that may 422 

have enabled it to adapt more efficiently to various environmental conditions with ramifications 423 

on its virulence. Of the several reported differences in the virulence related traits between C. 424 

neoformans and C. gattii R265, the difference in the regulation of chitosan biosynthesis as 425 

revealed from our studies may significantly contribute to the mechanisms of its unique and 426 

distinct nature of pathogenesis since chitosan is one of the macromolecules that resides at the 427 

host pathogen interface.  428 

 429 

           430 

 431 

 432 

 433 

 434 
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Materials and methods: 435 

Fungal strains and media. R265, C. gattii strain of VGII subtype linked to the 1999 British 436 

Columbia outbreak (11), was used as the wild-type strain and as progenitor of mutant strains. 437 

This strain was kindly provided by Joseph Heitman (Duke University Medical Center, NC). All 438 

the strains used in this study are listed in Table 1. KN99a, a strain of C. neoformans, was used as 439 

the wild -type strain for serotype A (31). Strains were grown on YPD (1% yeast extract, 2% 440 

bacto-peptone, and 2% dextrose). Solid media contained 2% bacto-agar. Selective YPD media 441 

contained 100 μg/mL nourseothricin (NAT) (Werner BioAgents, Germany) and/or 200 μg/mL 442 

G418 (Geneticin, Gibco Life technologies, USA). RPMI 1640 (Corning 10-040 CM) contained 443 

10% fetal bovine serum (FBS, Gibco-Thermo Fisher Technologies, # 26140). 444 

Generation of deletion constructs of C. gattii. Gene-specific deletion constructs of the chitin 445 

deacetylases were generated using overlap PCR gene technology described previously (38, 39) 446 

and included either the hygromycin resistance, geneticin resistance cassette (40) or 447 

nourseothricin resistance cassette (41). The primers used to disrupt the genes are shown in Table 448 

S1. The Cda1 deletion cassette contained the nourseothricin resistance cassette resulting in a 449 

1,539 bp replacement of the genomic sequence between regions of primers 3-Cda1 and 6-Cda1 450 

shown in upper case in Table S1. The Cda2 deletion cassette contained the hygromycin 451 

resistance cassette resulting in a 1,587 bp replacement of the genomic sequence and the Cda3 452 

deletion cassette contained the hygromycin resistance cassette resulting in a 1,494 bp 453 

replacement of the genomic sequence. Constructs were introduced into the R265 strain using 454 

biolistic techniques (42).   455 

Transformation and characterization of C. gattii mutants. Recipient strains of C. gattii were 456 

transformed biolistically following the protocol described earlier (40, 42). Drug resistant 457 
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transformants that formed colonies in 3-5 days were passaged four times in liquid YPD medium 458 

before reselection of drug resistance on agar. Transformants were further screened by diagnostic 459 

PCR of their genomic DNA using primers at the 5’ and 3’ junction of the integration site of the 460 

transforming DNA. Southern blot hybridizations were done to verify the absence of random 461 

DNA integrations, as described previously employing DIG labelled DNA probes (43, 44).  462 

Cellular chitosan measurement. As previously described, MBTH (3-methyl -2-463 

benzothiazolinone hydrazone) based chemical method was used to determine the chitin and 464 

chitosan content of C. gattii or C. neoformans (31). In brief, cells were collected after growing 465 

them in appropriate media and growth conditions by centrifugation. Cell pellets were washed 466 

two times with PBS, pH 7.4 and lyophilized. The dried samples were resuspended in water first 467 

before adding KOH to a final concentration of 6% KOH (w/v). The alkali suspended material 468 

was incubated at 80oC for 30 min with vortexing in between to eliminate non-specific MBTH 469 

reactive molecules from the cells. Alkali treated material was then washed several times with 470 

PBS, pH 7.4 to make sure that the pH of the cell suspension was brought back to neutral pH. In 471 

the case of the cells grown in RPMI, alkali treated material was sonicated as described 472 

previously to generate a uniform suspension (30). Finally, the cell material was resuspended in 473 

PBS, pH 7.4 to a concentration of 10 mg/mL in PBS (by dry weight) and a 0.1 mL aliquot of 474 

each sample was used in the MBTH assay (45).   475 

Virulence and fungal burden assays. C. gattii strains were grown at 30°C, 300 rpm for 48 476 

hours in 50 mL YPD. The cells were centrifuged, washed in endotoxin-free 1x PBS and 477 

suspended in 5 mL of the same. The cells were counted with a haemocytometer and diluted to 2x 478 

106 cells/mL. CBA/J female mice (Jackson Laboratories) were anaesthetized with an 479 

intraperitoneal injection (200 µL) of ketamine (8 mg/mL)/dexmedetomidine (0.05 mg/mL) 480 
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mixture, which was reversed by an intraperitoneal injection of (200 µL) of antipamezole 481 

(0.25mg/mL). Mice were allowed to inhale 1x105 cells in 50 µL, which were dripped into the 482 

nares. For virulence assays, mice were weighed before and during the course of infection. Mice 483 

were euthanized by CO2 asphyxiation if they reached 80% of their original body weight. At this 484 

point, the mice appeared morbidly ill displaying a ruffled coat, lethargy, a hunched posture, 485 

unstable gait and loss of appetite. For the determination of CFUs, lung or brain from each mouse 486 

was placed in 2.0 mL of 1x PBS (pH 7), homogenized, serially diluted, plated onto YPD agar 487 

supplemented with 100 µg/mL streptomycin and 100 µg/mL ampicillin, and incubated for 2 days 488 

at 30°C. Total CFUs per organ were calculated. The infection protocol was reviewed and 489 

approved by the Washington University School of Medicine Animal Care and Use Committee 490 

(IACUC). 491 

Evaluation of C. gattii to stress under in vitro conditions. Solid YPD medium was made with 492 

the desired amount either SDS, NaCl, calcofluor white, or Congo red. For plating, wild-type and 493 

mutant strains were grown in liquid YPD for 24 hours at 30oC.  Cells were diluted to OD650=1.0 494 

and 10-fold serial dilutions were made. Five microliters of each dilution were spotted on the 495 

plate and the plates were incubated for 2-3 days at appropriate temperatures and photographed. 496 

Eosin Y staining was carried out as described earlier (29). 497 

Analysis of melanin production. Strains were grown overnight in 2 mL YPD medium at 30oC 498 

with shaking to saturation. Cells were collected, washed in 1xPBS. Then, 1x108 (5x107 /ml) of 499 

each mutant was added to 4 mL of glucose-free asparagine media (1 g/liter L-asparagine, 500 

0.5g/liter MgSO4 7H2O, 3 g/liter KH2PO4, and 1mg/liter thiamine, plus 1 mM L-3,4-501 

dihydroxyphenylalanine (L-DOPA) for 7 days at 300 RPM and 30°C in the dark. Samples were 502 
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then spun down at >600 x g for 10 minutes. The cells’ ability to produce pigment was assessed 503 

visually. 504 

Capsule analysis. Cells were grown in YPD at 30oC. After 48 hrs for growth, cells were 505 

collected, washed once with PBS and were inoculated to RPMI medium containing 10% fetal 506 

bovine serum (FBS) at a concentration of 500 cells/µL and incubated for five days at 37oC in the 507 

presence of 5% CO2. The capsule-induced strains were resuspended in a 1:4 India ink:H2O 508 

solution and photographed on an Olympus BX61 microscope. Capsule diameter was measured 509 

and averaged for a minimum of 100 cells per strain using SlideBook 5.0 (Intelligent Imaging 510 

Innovations, Inc. CO, USA). 511 

Statistics. Data were analyzed using GraphPad Prism, version 7.0 (GraphPad Software, Inc., La 512 

Jolla, CA).  The unpaired two-tailed t test with Welch’s correction was used for comparisons of 513 

two groups. The one-way analysis of variance (ANOVA) with the Dunnett’s multiple-correction 514 

test was used to compare more than two groups. Kaplan-Meier survival curves were compared 515 

using the Mantel-Cox log rank test.  516 
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Figure legends: 657 

 658 

Figure 1. C. gattii R265 cells produce significantly higher amounts of chitosan in the cell 659 

wall compared to C. neoformans under YPD growth conditions. (A) Wild-type strains, R265 660 

and KN99 were grown in YPD for five days at 30oC and stained with Eosin Y to detect cell wall 661 

chitosan. Staining intensity was assessed using epifluorescence microscopy with identical 662 

exposures for all images. (B). Fluorescent levels for 60 individual cells (represented in panel A) 663 

were quantified using ImageJ (Fiji). The two-tailed unpaired t test with Welch’s correction was 664 

used to compare means values of the wild-type. Means represent the fluorescent (Fluor.) 665 

intensity levels from three independent experiments (n = 3). ****, P < 0.0001. Error bars 666 

represent standard errors of the means. (C) Quantitative determination of cell wall chitosan and 667 

chitin of KN99 by the MBTH assay. Cells were grown in YPD for one to five days, collected, 668 

washed and used for the assay. Data represents the average of three biological experiments and 669 

are expressed as ηmoles of glucosamine per mg dry weight of yeast cells. (D) Quantitative 670 

determination of cell wall chitosan and chitin of R265 were determined same as panel (C). 671 

Figure 2. C. gattii R265 cells produce significantly higher amount of chitosan in the cell wall 672 

compared to C. neoformans under host conditions. (A) Chitosan levels of strains grown in 673 

RPMI containing 10% FBS and 5% CO2 at 37oC for five days. Strains were grown in YPD for 674 

two days. Yeast cells were harvested, washed with PBS and inoculated at 500 cells/µL in RPMI 675 

containing 10% FBS and incubated for five days at 37oC in the presence of 5% CO2. At the end 676 

of incubation, chitosan was measured by the MBTH assay and expressed as ηmoles of 677 

glucosamine per mg dry wt cells. Data represent the average of three biological experiments. (B) 678 

Chitosan levels of strains growing in the murine lung. Mice (CBA/J; three per group) were 679 

intranasally inoculated with 107 CFU of each strain. On day seven PI, lungs were excised, 680 
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homogenized and the lung tissue was removed by alkaline extraction leaving the fungal cells to 681 

be harvested, counted and subjected to the MBTH assay. Data are expressed as ηmoles of 682 

glucosamine per 108 cells. Significant differences between the groups were compared by two-683 

tailed unpaired t test with Welch’s correction. Error bars represent standard errors of the means. 684 

*** P < 0.0062 and ** P < 0.001. 685 

Figure 3. The deletion of R265, CDA1 displays a decrease in cell wall chitosan under YPD 686 

grown conditions. Chitosan levels of strains grown in YPD. Strains were grown in YPD for five 687 

days. The amount of chitosan in the cell wall of the strains was quantified by the MBTH assay. 688 

Data represents the average of three biological experiments with two technical replicates and are 689 

expressed as ηmoles of glucosamine per mg dry weight of yeast cells. Significant differences 690 

between the groups were compared by one-way ANOVA followed by Dunnett's multiple 691 

comparison test. *** p <0.0002 comparing wild-type R265 with any other strain. 692 

Figure 4. C. gattii cda3Δ displays severely attenuated virulence in CBA/J and C57BL/6 693 

mouse model of infection. (A) CBA/J mice (6-8 weeks old, female) were infected intranasally 694 

with 105 CFU of each strain. Survival of the animals was recorded as mortality of mice for 80 695 

days PI. Mice that lost 20% of the body weight at the time of inoculation were considered ill and 696 

sacrificed. Data is representative of two independent experiments with five animals for each 697 

strain. (B) C57BL/6 mice (6-8 weeks old, female) were infected with 104 CFU of each strain by 698 

intratracheal inoculation. Survival of the animals was recorded as mortality of mice for 50 days 699 

PI. Mice that lost 20% of the body weight at the time of inoculation were considered ill and 700 

sacrificed. Data is representative of one experiment with 10 animals for each strain. Virulence 701 

was determined using Mantel-Cox curve comparison with statistical significance determined by 702 

log-rank test.  p<0.0001 comparing KN99 with cda3Δ. 703 
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Figure 5. There is a slow but gradual clearance of C. gattii cda3Δ in CBA/J mice. Fungal 704 

burden in the lungs of CBA/J mice infected with indicated strains at different days after 705 

infection. Data are from three mice per group at each time point. The dashed line indicates the 706 

CFU of the initial inoculum for each strain. 707 

Figure 6. C. gattii Cda3 plays a major role in the synthesis of chitosan under host infection 708 

conditions. Chitosan levels of strains grown in RPMI containing 10% FBS and 5% CO2 at 37°C 709 

for five days. The indicated strains were grown in YPD for 48 hours. Yeast cells were harvested, 710 

washed with PBS, and inoculated at 500 cells/μL in RPMI containing 10% FBS and incubated 711 

for five days at 37°C in the presence of 5% CO2. At the end of incubation, chitosan was 712 

measured by the MBTH assay and expressed as ηmoles of glucosamine per milligram (dry 713 

weight) of cells. Data represent the averages for three biological experiments. Significant 714 

differences between the groups were compared by one-way ANOVA, followed by Dunnett’s 715 

multiple-comparison test (*** P < 0.0002, * P < 0.0280 comparing KN99 with any other strain; 716 

ns, not significant). 717 

Figure 7. The deletion of C. gattii CDA1, CDA2, and CDA3 results in a strain that is 718 

completely chitosan-deficient. C. gattii Cda1 in combination with Cda2 or Cda3 plays a major 719 

role in chitosan synthesis in vegetative growing conditions. While C. gattii Cda3 in combination 720 

with Cda1 or Cda2 results in a stain that is completely chitosan-deficient. (A) Chitosan levels of 721 

strains grown in YPD. The indicated strains were grown in YPD for five days. The amount of 722 

chitosan in the cell wall of the strains was quantified by the MBTH assay. Data are the averages 723 

for three biological experiments and are expressed as ηmoles of glucosamine per milligram (dry 724 

weight) of yeast cells. (B) Chitosan levels of strains grown in RPMI containing 10% FBS and 725 

5% CO2 at 37°C for five days. The indicated strains were grown in YPD for 48 hours. Yeast 726 
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cells were harvested, washed with PBS, and inoculated at 500 cells/μL in RPMI containing 10% 727 

FBS and incubated for 5 days at 37°C in the presence of 5% CO2. At the end of incubation, 728 

chitosan was measured by the MBTH assay and expressed as ηmoles of glucosamine per 729 

milligram (dry weight) of cells. Data represent the averages for three biological experiments. 730 

Significant differences between the groups were compared by one-way ANOVA, followed by 731 

Dunnett’s multiple-comparison test (**** P < 0.0001, comparing KN99 with any other strain; ns, 732 

not significant). 733 

Figure 8. Deletion of C. gattii CDA3 in combination with any of the other two CDAs results 734 

in severe attenuation of virulence in CBA/J and C57BL/6 mouse models of infection. (A) 735 

CBA/J mice (6-8 weeks old, female) were infected intranasally with 105 CFU of each strain. 736 

Survival of the animals was recorded as mortality of mice for 80 days PI. Mice that lost 20% of 737 

the body weight at the time of inoculation were considered ill and sacrificed. Data is 738 

representative of two independent experiments with five animals for each strain. B) C57BL/6 739 

mice (6-8 weeks old, female) were infected intratracheally with 104 CFU of each strain. Survival 740 

of the animals was recorded as mortality of mice for 50 days PI. Mice that lost 20% of the body 741 

weight at the time of inoculation were considered ill and sacrificed.  742 

Figure 9. Vaccination of CBA/J mice with 107 CFU of live or heat-killed (HK) cda1Δ2Δ3Δ 743 

cells conferred attenuated protective immunity to subsequent infection with wild-type R265 744 

C. gattii cells. (A) Mice were immunized with either 107, 106, or 105 live CFU of cda1Δ2Δ3Δ 745 

through inhalation. PBS-inoculated mice served as control. Animals were left for 40 days to 746 

resolve the infection. Subsequently, both groups of mice were challenged with 50,000 CFU of 747 

virulent R265 cells. Virulence was recorded as mortality of mice. Mice that lost 20% of starting 748 

body weight at the time of inoculation were considered to be moribund and were sacrificed. The 749 
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percentage of mice that survived was plotted against the day p.i. Each survival curve is the 750 

average of two independent experiments that had five mice per experimental group. (B) Mice 751 

were immunized with an inoculum of HK cells with a dose equivalent to 107 CFU of either the 752 

wild-type R265 or the cda1Δ2Δ3Δ strain. Control mice were inoculated with PBS. After 40 days, 753 

mice were challenged with 50,000 CFU of wild-type R265 cells. Survival of the animals was 754 

recorded as described above. The data shown are the average results from two experiments with 755 

five mice per experimental group. 756 

Table 1. Identification of chitin deacetylases (CDA) in C. gattii R265 genome. 757 

Table 2. Strains used and generated in this study. 758 

Supplementary Materials: 759 

Figure S1. Pair-wise alignment of CDA protein sequences of C. neoformans and C. gattii R265.  760 

Figure S2. Deletion of CDA1 in R265 does not affect fungal virulence. Mice were inoculated 761 

with 50,000 CFU of either wild-type R265 or the second isolate of cda1Δ. Survival of the 762 

animals was recorded as mortality. Mice that lost 20% of the body weight at the time of 763 

inoculation were considered ill and sacrificed.  764 

Figure S3. Fungal burden in the lungs of the mice at the end point of the survival 765 

experiment. Fungal burden in the lungs of the mice at the end point of the survival experiment 766 

for both CBA/J and C57BL/6. The dashed line indicates the CFU of the initial inoculum for each 767 

mouse strain. 768 

 769 

 770 
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 Figure S4. Sensitivity of chitin deacetylase mutants to cell wall inhibitors and temperature. 771 

Cultures were grown overnight in YPD then diluted to an OD650 of 1.0. Tenfold serial dilutions 772 

were made in PBS and 5µl of each was plated. The plates were grown for 5 days at 30°C for the 773 

inhibitor plates and at the indicated temperature for all others. The wild-type (R265) and deletion 774 

stains are labelled on the left and the conditions noted at the top. (A). Sensitivity of mutants to 775 

temperature. (B). Sensitivity to cell wall inhibitors. CFW (calcofluor white), SDS (sodium 776 

dodecyl sulphate), Caff (caffeine) and CR (Congo red). 777 

Figure S5. C. gattii R265 cda1Δ, cda2Δ or cda3Δ mutants display normal levels of capsule 778 

under capsule inducing conditions. Cells were incubated under capsule-inducing conditions for 779 

5 days. Capsule size was assessed by staining with India ink and visualizing the zone of 780 

exclusion at a magnification of ×60.  781 

Figure S6. Melanin phenotype of chitin deacetylase mutants of C. gattii. Chitin deacetylase 782 

mutants displayed no difference in melanin production compared with wild type (R265). Strains 783 

were grown overnight in 2 mL YPD medium at 30oC with shaking to saturation. Cells were 784 

collected, washed in 1xPBS. Then, 1x108 (5x107 /ml) of each mutant was added to 4 mL of 785 

Asn+ʟ-DOPA for 7 days at 300 RPM and 30°C in the dark. Samples were then spun down and 786 

photographed. Black pellets indicate the presence of melanin in the strain. The clear supernatants 787 

indicate that there was not a “leaky melanin” phenotype (27, 28).  788 

Figure S7. Deletion of C. gattii CDA3 in combination with any of the other two CDAs 789 

results in severe attenuation of virulence in mouse model of infection. CBA/J mice (6-8 790 

weeks old, female) were infected intranasally with 105 CFU of second independent isolate of 791 

each strain. Survival of the animals was recorded as mortality of mice for 80 days PI. Mice that 792 
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lost 20% of the body weight at the time of inoculation were considered ill and sacrificed. Data is 793 

representative of two independent experiments with five animals for each strain.  794 

Figure S8. Vaccination with a heat-killed preparation of cda1Δ2Δ3Δ of C. gattii confers 795 

attenuated protection to a subsequent challenge infection with virulent R265. Mice 796 

(C57BL/6) were immunized with a HK preparation of cda1Δ2Δ3Δ strain with a dose equivalent 797 

to 107 CFU. Control mice were inoculated with PBS. After 40 days, mice were challenged with 798 

10,000 CFU of wild-type R265 cells. Survival of the animals was recorded as described above. 799 

Table S1. Primers used in this study. 800 
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Figure 1. C. gattii R265 cells produce significantly higher amounts of chitosan in the cell 

wall compared to C. neoformans under YPD growth conditions. (A) Wild-type strains, R265 

and KN99 were grown in YPD for five days at 30oC and stained with Eosin Y to detect cell wall 

chitosan. Staining intensity was assessed using epifluorescence microscopy with identical 

exposures for all images. (B). Fluorescent levels for 60 individual cells (represented in panel A) 

were quantified using ImageJ (Fiji). The two-tailed unpaired t test with Welch’s correction was 

used to compare means values of the wild-type. Means represent the fluorescent (Fluor.) 

intensity levels from three independent experiments (n = 3). ****, P < 0.0001. Error bars 

represent standard errors of the means. (C) Quantitative determination of cell wall chitosan and 

chitin of KN99 by the MBTH assay. Cells were grown in YPD for one to five days, collected, 

washed and used for the assay. Data represents the average of three biological experiments and 

are expressed as ηmoles of glucosamine per mg dry weight of yeast cells. (D) Quantitative 

determination of cell wall chitosan and chitin of R265 were determined same as panel (C). 
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Figure 2. C. gattii R265 cells produce significantly higher amount of chitosan in the cell wall 

compared to C. neoformans under host conditions. (A) Chitosan levels of strains grown in 

RPMI containing 10% FBS and 5% CO2 at 37oC for five days. Strains were grown in YPD for 

two days. Yeast cells were harvested, washed with PBS and inoculated at 500 cells/µL in RPMI 

containing 10% FBS and incubated for five days at 37oC in the presence of 5% CO2. At the end 

of incubation, chitosan was measured by the MBTH assay and expressed as ηmoles of 

glucosamine per mg dry wt cells. Data represent the average of three biological experiments. (B) 

Chitosan levels of strains growing in the murine lung. Mice (CBA/J; three per group) were 

intranasally inoculated with 107 CFU of each strain. On day seven PI, lungs were excised, 

homogenized and the lung tissue was removed by alkaline extraction leaving the fungal cells to 

be harvested, counted and subjected to the MBTH assay. Data are expressed as ηmoles of 
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glucosamine per 108 cells. Significant differences between the groups were compared by two-

tailed unpaired t test with Welch’s correction. Error bars represent standard errors of the means. 

*** P < 0.0062 and ** P < 0.001. 
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Figure 3. The deletion of R265, CDA1 displays a decrease in cell wall chitosan under YPD 

grown conditions. Chitosan levels of strains grown in YPD. Strains were grown in YPD for five 

days. The amount of chitosan in the cell wall of the strains was quantified by the MBTH assay. 

Data represents the average of three biological experiments with two technical replicates and are 

expressed as ηmoles of glucosamine per mg dry weight of yeast cells. Significant differences 

between the groups were compared by one-way ANOVA followed by Dunnett's multiple 

comparison test. *** p <0.0002 comparing wild-type R265 with any other strain. 
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Figure 4. C. gattii cda3Δ displays severely attenuated virulence in CBA/J and C57BL/6 

mouse model of infection. (A) CBA/J mice (4-6 weeks old, female) were infected intranasally 

with 105 CFU of each strain. Survival of the animals was recorded as mortality of mice for 80 

days PI. Mice that lost 20% of the body weight at the time of inoculation were considered ill and 

sacrificed. Data is representative of two independent experiments with five animals for each 

strain. (B) C57BL/6 mice (4-6 weeks old, female) were infected with 104 CFU of each strain by 

intratracheal inoculation. Survival of the animals was recorded as mortality of mice for 50 days 

PI. Mice that lost 20% of the body weight at the time of inoculation were considered ill and 

sacrificed. Data is representative of one experiment with 10 animals for each strain. Virulence 

was determined using Mantel-Cox curve comparison with statistical significance determined by 

log-rank test.  p<0.0001 comparing KN99 with cda3Δ. 
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Figure 5. There is a slow but gradual clearance of C. gattii cda3Δ in CBA/J mice. Fungal 

burden in the lungs of CBA/J mice infected with indicated strains at different days after 

infection. Data are from three mice per group at each time point. The dashed line indicates the 

CFU of the initial inoculum for each strain. 
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Figure 6. C. gattii Cda3 plays a major role in the synthesis of chitosan under host infection 

conditions. Chitosan levels of strains grown in RPMI containing 10% FBS and 5% CO2 at 37°C 

for five days. The indicated strains were grown in YPD for 48 hours. Yeast cells were harvested, 

washed with PBS, and inoculated at 500 cells/μL in RPMI containing 10% FBS and incubated 

for five days at 37°C in the presence of 5% CO2. At the end of incubation, chitosan was 

measured by the MBTH assay and expressed as ηmoles of glucosamine per milligram (dry 

weight) of cells. Data represent the averages for three biological experiments. Significant 

differences between the groups were compared by one-way ANOVA, followed by Dunnett’s 

multiple-comparison test (*** P < 0.0002, * P < 0.0280 comparing KN99 with any other strain; 

ns, not significant). 
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Figure 7. The deletion of C. gattii CDA1, CDA2, and CDA3 results in a strain that is 

completely chitosan-deficient. C. gattii Cda1 in combination with Cda2 or Cda3 plays a major 

role in chitosan synthesis in vegetative growing conditions. While C. gattii Cda3 in combination 

with Cda1 or Cda2 results in a stain that is completely chitosan-deficient. (A) Chitosan levels of 

strains grown in YPD. The indicated strains were grown in YPD for five days. The amount of 

chitosan in the cell wall of the strains was quantified by the MBTH assay. Data are the averages 

for three biological experiments and are expressed as ηmoles of glucosamine per milligram (dry 

weight) of yeast cells. (B) Chitosan levels of strains grown in RPMI containing 10% FBS and 

5% CO2 at 37°C for five days. The indicated strains were grown in YPD for 48 hours. Yeast 

cells were harvested, washed with PBS, and inoculated at 500 cells/μL in RPMI containing 10% 
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FBS and incubated for 5 days at 37°C in the presence of 5% CO2. At the end of incubation, 

chitosan was measured by the MBTH assay and expressed as ηmoles of glucosamine per 

milligram (dry weight) of cells. Data represent the averages for three biological experiments. 

Significant differences between the groups were compared by one-way ANOVA, followed by 

Dunnett’s multiple-comparison test (**** P < 0.0001, comparing KN99 with any other strain; ns, 

not significant). 
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Figure 8. Deletion of C. gattii CDA3 in combination with any of the other two CDAs results 

in severe attenuation of virulence in CBA/J and C57BL/6 mouse models of infection. (A) 

CBA/J mice (6-8 weeks old, female) were infected intranasally with 105 CFU of each strain. 

Survival of the animals was recorded as mortality of mice for 80 days PI. Mice that lost 20% of 

the body weight at the time of inoculation were considered ill and sacrificed. Data is 

representative of two independent experiments with five animals for each strain. B) C57BL/6 

mice (4-6 weeks old, female) were infected intratracheally with 104 CFU of each strain. Survival 

of the animals was recorded as mortality of mice for 50 days PI. Mice that lost 20% of the body 

weight at the time of inoculation were considered ill and sacrificed.  
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Figure 9. Vaccination of CBA/J mice with 107 CFU of live or heat-killed (HK) cda1Δ2Δ3Δ 

cells conferred attenuated protective immunity to subsequent infection with wild-type R265 

C. gattii cells. (A) Mice were immunized with either 107, 106, or 105 live CFU of cda1Δ2Δ3Δ 

through inhalation. PBS-inoculated mice served as control. Animals were left for 40 days to 
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resolve the infection. Subsequently, both groups of mice were challenged with 50,000 CFU of 

virulent R265 cells. Virulence was recorded as mortality of mice. Mice that lost 20% of starting 

body weight at the time of inoculation were considered to be moribund and were sacrificed. The 

percentage of mice that survived was plotted against the day p.i. Each survival curve is the 

average of two independent experiments that had five mice per experimental group. (B) Mice 

were immunized with an inoculum of HK cells with a dose equivalent to 107 CFU of either the 

wild-type R265 or the cda1Δ2Δ3Δ strain. Control mice were inoculated with PBS. After 40 days, 

mice were challenged with 50,000 CFU of wild-type R265 cells. Survival of the animals was 

recorded as described above. The data shown are the average results from two experiments with 

five mice per experimental group. 
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Table 1.  Identification of chitin deacetylases (CDA) in C. gattii R265 genome. 
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Table 2. Strains used and generated in this study 

 

 
 
 
 
 
 

Table 2
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Figure S1: Pair-wise alignment of CDA protein sequences of C. neoformans and C. gattii 

R265.  
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Figure S2. Deletion of CDA1 in R265 does not affect fungal virulence. Mice were inoculated 

with 50,000 CFU of either wild-type R265 or the second isolate of cda1Δ. Survival of the 

animals was recorded as mortality. Mice that lost 20% of the body weight at the time of 

inoculation were considered ill and sacrificed.  
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Figure S3. Fungal burden in the lungs of the mice at the end point of the survival 

experiment. Fungal burden in the lungs of the mice at the end point of the survival experiment 

for both CBA/J and C57BL/6. The dashed line indicates the CFU of the initial inoculum for each 

mouse strain. 
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Figure S4. Sensitivity of chitin deacetylase mutants to cell wall inhibitors and temperature. 

Cultures were grown overnight in YPD then diluted to an OD650 of 1.0. Tenfold serial dilutions 

were made in PBS and 5µl of each was plated. The plates were grown for 5 days at 30°C for the 

inhibitor plates and at the indicated temperature for all others. The wild-type (R265) and deletion 

stains are labelled on the left and the conditions noted at the top. (A). Sensitivity of mutants to 

temperature. (B). Sensitivity to cell wall inhibitors. CFW (calcofluor white), SDS (sodium 

dodecyl sulphate), Caff (caffeine) and CR (Congo red). 
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Figure S5. C. gattii R265 cda1Δ, cda2Δ or cda3Δ mutants display normal levels of capsule 

under capsule inducing conditions. Cells were incubated under capsule-inducing conditions for 

5 days. Capsule size was assessed by staining with India ink and visualizing the zone of 

exclusion at a magnification of ×60.  
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Figure S6. Melanin phenotype of chitin deacetylase mutants of C. gattii. Chitin deacetylase 

mutants displayed no difference in melanin production compared with wild type (R265). Strains 

were grown overnight in 2 mL YPD medium at 30oC with shaking to saturation. Cells were 

collected, washed in 1xPBS. Then, 1x108 (5x107 /ml) of each mutant was added to 4 mL of 

Asn+ʟ-DOPA for 7 days at 300 RPM and 30°C in the dark. Samples were then spun down and 

photographed. Black pellets indicate the presence of melanin in the strain. The clear supernatants 

indicate that there was not a “leaky melanin” phenotype (27, 28).  
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Figure S7. Deletion of C. gattii CDA3 in combination with any of the other two CDAs 

results in severe attenuation of virulence in mouse model of infection. CBA/J mice (6-8 

weeks old, female) were infected intranasally with 105 CFU of second independent isolate of 

each strain. Survival of the animals was recorded as mortality of mice for 80 days PI. Mice that 

lost 20% of the body weight at the time of inoculation were considered ill and sacrificed. Data is 

representative of two independent experiments with five animals for each strain.  
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Figure S8. Vaccination with a heat-killed preparation of cda1Δ2Δ3Δ of C. gattii confers 

attenuated protection to a subsequent challenge infection with virulent R265. Mice 

(C57BL/6) were immunized with a HK preparation of cda1Δ2Δ3Δ strain with a dose equivalent 

to 107 CFU. Control mice were inoculated with PBS. After 40 days, mice were challenged with 

10,000 CFU of wild-type R265 cells. Survival of the animals was recorded as described above. 
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Table S1.   Primers used in this study 
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